Properties of bottom and bottom-strange mesons are computed in two relativized quark models. Model masses and wavefunctions are used to predict radiative transition rates and the 3 P0 quark pair creation model is used to compute strong decay widths. A comparison to recently observed bottom and bottom-strange states is made. We find that there are numerous excited B and Bs mesons that have relatively narrow widths and significant branching ratios to simple final states such as Bπ, B * π, BK, and B * K that could be observed in the near future.
I. INTRODUCTION
Meson spectroscopy has undergone a renaissance in recent years with the discovery of many new hadronic states, both those that are well described by quark models but also many poorly understood states such as the enigmatic XY Z charmonium and bottomonium-like states [1] [2] [3] . In the bottom meson sector, the CDF and D0 collaborations at Fermilab, and more recently the LHCb experiment at CERN [4] , have observed P -wave B and B s states. In parallel to these advancements in experiment, lattice QCD is also making strides in calculating hadron masses and other properties [5] . Progress in both experiment and theory go hand in hand in advancing our understanding of hadron physics and QCD in the soft regime. Understanding the properties of the B mesons can play an important role in this enterprise as, in the heavy quark limit, B mesons can be viewed as the hydrogen "atoms" of QCD with a light quark interacting with a heavy static quark. Understanding the B mesons will give a more complete understanding of excited mesons and will also help put the newly discovered excited charmed mesons into the larger context. The significantly higher statistics expected at the LHC increases the likelihood of observing many new excited B mesons which will give us the opportunity to study B (s) meson spectroscopy in greater detail than previously possible. In anticipation of these experimental developments it will be useful to predict the properties of these states, both as guidance to help experimental searches, and also to test our theoretical understanding against experimental measurements once they have been observed.
In this paper we study B meson spectroscopy using the constituent quark model to calculate masses and wavefunctions. For unequal mass quarks and antiquarks Cparity is not a good quantum number so that states with the same parity and spin can mix (such as the 3 P 1 and * Email: godfrey@physics.carleton.ca † Email: kmoats@physics.carleton.ca ‡ Email: swansone@pitt.edu 1 P 1 states). The relevant mixing angle is also calculated using the quark model. The wavefunctions are used to calculate radiative transition widths and as input to calculate strong decays using the 3 P 0 quark pair creation model. We use two different relativistic quark models to gauge variations in predictions from details of the models. The quark models are based on a relativistic kinetic energy term with a short distance one-gluon-exchange potential with a strong coupling constant that runs and a linear confining potential [6] [7] [8] [9] . We make predictions of properties which will be useful for both finding and understanding these states which are the mass predictions, E1 and M1 radiative transitions, and strong partial and total decay widths obtained using the 3 P 0 pair creation model for states above threshold. We put these results together to help identify recently observed excited B mesons and to discuss the most likely means of observing excited B and B s mesons and strategies for searching for them.
II. SPECTROSCOPY
We consider two relativized quark models. The first is the model of Godfrey and Isgur [6] which has been a useful guide to mesons, from the lightest isovector mesons to the heaviest bottomonium states. The second model is due to Swanson and collaborators [10] [11] [12] which incorporates recent developments in effective field theory and lattice gauge theory. By considering two models we may be able to better gauge the predictive limitations of our results.
A. The relativized quark model
The relativized quark model incorporates a relativistic dispersion relation for the quark kinetic energy and an instantaneous interaction comprised of a short distance one-gluon-exchange Lorentz vector potential and a Lorentz scalar linear confining potential:
where the relativistic kinetic term is given by
Just as in the nonrelativistic model, the quark-antiquark potential V( p, r) assumed here incorporates spindependent interactions that arise from the nonrelativistic reduction of the full interaction. The colour Coulomb potential and the spin dependent potentials arising from one-gluon-exchange include a QCD-motivated running coupling α s (r), all terms in the potential are modified by a flavor-dependent potential smearing parameter σ, and quark masses in the spin-dependent interactions are replaced with quark kinetic energies. To first order in (v q /c) 2 , V( p, r ) reduces to the standard non-relativistic result. Details of the model and the method of solution can be found in Ref. [6] .
For the case of a quark and antiquark of unequal mass charge conjugation parity is no longer a good quantum number so that states with different total spins but with the same total angular momentum, such as the 3 P 1 − 1 P 1 and 3 D 2 − 1 D 2 pairs, can mix via the spin orbit interaction or some other mechanism. Consequently, the physical j = 1 P -wave states are linear combinations of 3 P 1 and 1 P 1 which we describe by:
with analogous notation for the corresponding L = D, F , etc. pairs. In Eq. 3, P ≡ L = 1 designates the relative angular momentum of thepair and the subscript J = 1 is the total angular momentum of thepair which is equal to L. Our notation implicitly implies L − S coupling between the quark spins and the relative orbital angular momentum. In the heavy quark limit in which the heavy quark mass m Q → ∞, the states can be described by the total angular momentum of the light quark, j, which couples to the spin of the heavy quark and corresponds to j − j coupling. This limit gives rise to two doublets which for L = 1 have j = 1/2 and j = 3/2 and corresponds to two physically independent mixing angles θ 1P = − tan −1 ( √ 2) −54.7
• and θ 1P = tan −1 (1/ √ 2) 35.3
• [13] . Some authors prefer to use the j − j basis [14] but since we solve our Hamiltonian equations assuming L − S eigenstates and then include the LS mixing we use the notation of Eq. 3. It is straightforward to transform between the L−S basis and the j − j basis. It will turn out that radiative transitions are particularly sensitive to the 3 L L − 1 L L mixing angle with predictions from different models in some cases giving radically different results. We also note that the definition of the mixing angles are fraught with ambiguities. For example, charge conjugating qb into bq flips the sign of the angle and the phase convention depends on the order of coupling L, S q , and Sq [13] .
The Hamiltonian problem was solved using the following parameters: the slope of the linear confining potential is 0.18 GeV 2 , m q = 0.220 GeV, m s = 0.419 GeV and m b = 4.977 GeV. Other parameters can be found in Ref. [6] . Predicted masses and mixing angles are given in Figs. 1 and 2 and in Tables I-II .
B. Alternate Relativized Model
The second relativized model has been developed in response to recent results from effective field theory and lattice gauge theory. The starting point is the general expression for the spin-dependent interactions in QCD as obtained from potential nonrelativistic quantum chromodynamics (pNRQCD) [15] . This interaction is described in terms of factorized scale-dependent Wilson coefficients and scale-dependent matrix elements of chromo-magnetic and -electric operators. The quark-antiquark interaction is modelled as the sum of a central confining term and the spin-dependent interaction (spin-independent corrections of order mv 2 also exist, but these are assumed to be subsumed into the central potential):
where V conf is the standard Coulomb+linear scalar form
At lowest order in α s the form of the spin-dependent interactions is given below [16] : 
Here L = L q = −Lq, r = |r| = |r q − rq| is the quark separation and the V i = V i (m q , mq; r) are the QCD matrix elements mentioned above. The first four V i are order α s in perturbation theory, while V 5 is order α 2 s . The alternate relativized model (ARM) assumes relativistic quark kinetic energies and a running coupling in the Coulombic interaction. The running coupling is motivated by the persistent over-estimation of heavy meson decay constants [10] , and by fits to different flavor sectors of the meson spectrum. The form used is related to the Fourier transform of α(k) = 4π
which has the expected ultraviolet behavior along with a postulated infrared fixed point. The leading coefficient of the QCD beta function is taken to be β 0 = 9 and α 0 and Λ are free parameters to be fit to the spectrum and heavy meson decay constants. Traditionally the forms for the potentials V i have been obtained by making nonrelativistic reductions of interaction kernels of the type
where the Dirac matrices are typically chosen to be unity or γ 0 (these correspond to "scalar" or "vector" interaction models respectively). However, QCD need not be so simple and we have therefore chosen to refer to lattice computations to model the interaction matrix elements. Direct measurement of the gluonic matrix elements reveal that V 3 and V 4 are short-ranged (as expected for vector interactions), while V 1 and V 2 contain long-ranged components [17] . However the latter do not follow the expectations of "scalar confinement" [18] , rather the string tension appearing in V 1 is reduced with respect to V conf and there should be no long range interaction in V 2 . We thus model the gluonic matrix elements as follows:
Lattice results indicate [17] that ≈ 1 4 , which is fixed in the following. The form of V 4 is based on the running coupling employed and V 5 has been taken to be zero (it was not measured in the lattice computation). The latter point is nontrivial since the perturbative expression for V 5 contains logarithms of ratios of quark masses, and therefore can be important in open flavor mesons. This point is discussed more in Ref. [11] . More details on the model construction are in Ref. [12] . 
C. Comparison to Previous Work
There is a long history of studying open flavor mesons in constituent quark models. Here we review some of the recent literature, noting similarities and differences with the current approach.
A notable early contribution was due to Di Pierro and Eichten, who examined the D, D s , B, and B s spectra with a constituent quark model based on the Dirac equation for the light quark in the potential generated by the heavy quark [19] . Strong decays of these states by pseudoscalar meson emission were then computed with the chiral quark model of Manohar and Georgi [20] .
The unusual mass of the D s (2317) generated a series of papers on open flavor meson spectroscopy. Here we mention that of Close and Swanson, who computed the D and D s spectra using a simple nonrelativistic quark model with a central Cornell potential and a smeared hyperfine interaction [21] . Strong decays were computed with the 3 P 0 model with SHO mesonic wavefunctions and effective meson widths (as is done here). Radiative transitions, including those from molecular states, were also presented.
The D s (2317) also motivated the analysis of Ref. [11] . The novel feature of this investigation was the use of O(α 2 s ) spin-dependent corrections to the static interquark potential -in particular flavor-dependence is introduced via logarithmic dependence on quark mass. This can have strong effects on the open-flavor spectrum and can shift the nominal scalar meson mass down by roughly 100 MeV. This paper also examined relativistic effects (due to light quark spinors) on radiative transitions, and found large shifts.
Alternative relativistic (or "relativized") models also appeared in the late 2000s. For example, Matsuki et al., who used scalar and vector interaction kernels in a Dirac equation with a Foldy-Wouthuysen reduction of the heavy quark portion of the interaction [22] . Related work by Ebert et al. appeared at about this time as well [23] . These authors used relativistic kinetic energies and vector, chromomagnetic, and scalar Dirac structures in the interaction kernels to obtain the D, D s , B, and B s spectra. Finally, Devlani and Rai made an O(p 6 ) reduction of the quark kinetic energy and supplemented this with a Cornell central potential and the Breit spin-dependent interaction [24] . Unfortunately, the authors appeared to have employed an unregulated delta function in the latter interaction, which is not acceptable in quantum mechan- 
Bs ( ical problems (evidently this problem was not discovered because the spectrum was obtained with a simple variational calculation). The first two of these papers did not examine radiative or strong transitions; radiative transitions were computed in the latter. More recently, the chiral quark model has been revisited for the strong decays of open flavor mesons [25] . This work employed SHO mesonic wavefunctions with a fixed Gaussian width. Two additional papers have computed B and D meson spectra with the Godfrey-Isgur model [26, 27] . They have also calculated strong decays using a very similar method to that presented here; the main difference is that the latter group incorporated a quark form factor in the 3 P 0 vertex to suppress high energy decay modes and used SHO mesonic wavefunctions with a single Gaussian width. A similar computation of the B and D spectra was made with a model with relativistic quark kinetic energy and an interaction with a running coupling and smeared delta functions [28] . Decays were not considered. Finally, Liu et al. have made a Foldy-Wouthuysen reduction of the instantaneous approximation to the Bethe-Salpeter equation and obtained the D, D s , B, and B s spectra [29] .
Shortly after this work appeared, a computation that used the model of Ref. [11] was submitted to the arXiv [30] . The authors computed B and B s spectra and strong decays with the 3 P 0 model using full mesonic wavefunctions. A factor of m u /m s was applied to the 3 P 0 coupling to suppress strange quark production. This factor can be justified by considering the quark pair production interaction to be proportional to ψ ψ [41] , however this is a model assumption, and we must resort to experiment to decide the issue.
III. RADIATIVE TRANSITIONS

A. E1 Transitions
Radiative transitions could play an important role in the discovery and identification of B and B s states. They are sensitive to the internal structure of states, in particular to 3 L L − 1 L L mixing for states with J = L. In this section we calculate the electric dipole (E1) and magnetic dipole (M1) radiative widths. The partial width for an E1 radiative transition between states in the nonrelativistic quark model is given by [31] 
where
where q = u, d, s, we use the quark masses m u = m d = 0.220 GeV, m s = 0.419 GeV and m b = 4.977 GeV, e u = +2/3 and e d = e s = e b = −1/3 are the quark charges in units of |e|, α is the fine-structure constant, k is the photon's energy, and C f i is given by
where Tables IV-XXXV where applicable and were evaluated using the wavefunctions given by the relativized quark model [6] . Relativistic corrections are implicitly included in these E1 transitions through Siegert's theorem [32] [33] [34] by including spin-dependent interactions in the Hamiltonian used to calculate the meson masses and wavefunctions. The E1 radiative widths are given in Tables IV-XXXV where applicable.
B. M1 Transitions
Radiative transitions which flip spin are described by magnetic dipole (M1) transitions. The rates for magnetic dipole transitions between S-wave heavy-light bound states are given in the nonrelativistic approximation by [35, 36] 
where e q , the quark charges, and m q , the quark masses, were given above, L = 0 for S waves and j 0 (x) is the spherical Bessel function.
The M1 widths and overlap integrals are given in Tables IV-XXXV where applicable. Transitions in which the principle quantum number changes are refered to as hindered transitions, which are not allowed in the nonrelativistic limit due to the orthogonality of the wavefunctions. M1 transitions, especially hindered transitions, are notorious for their sensitivity to relativistic corrections [37] . In our calculations the wavefunction orthogonality is broken by including a smeared hyperfine interaction directly in the Hamiltonian so that the 3 S 1 and 1 S 0 states have slightly different wavefunctions. Ebert et al. are more rigorous in how they include relativistic corrections [38] but to improve the J/ψ → η c γ result they modify the confining potential by making it a linear combination of Lorentz vector and Lorentz scalar pieces.
The E1 and M1 radiative widths are given in Tables IV-XXXV when they are large enough that they might be observed. The predicted masses given in Tables I-II are used for all states under the assumption that predicted masses are expected to be shifted by comparable amounts from their measured masses leaving the phase space to remain approximately correct.
Measuring radiative widths can help identify newly observed states and in addition, given the sensitivity of radiative transitions to details of the models, precise measurements of electromagnetic transition rates would provide stringent tests of the various calculations.
IV. STRONG DECAYS
We use the 3 P 0 model [39] [40] [41] [42] [43] to calculate all kinematically allowed strong decay widths for the B and B s meson states listed in Tables I-II. The masses shown are the theoretical values calculated using the Godfrey-Isgur relativized quark model [6] . We use harmonic oscillator wave functions with the effective oscillator parameter, β ef f , obtained by equating the rms radius of the harmonic oscillator wavefunction for the specified (n, l) quantum numbers to the rms radius of the wavefunctions calculated using the relativized quark model of Ref. [6] . The effective harmonic oscillator wave function parameters, β ef f , that we use in our calculations are listed in Tables I-II. For the light mesons, we use a common value of β ef f = 0.4 GeV (see below) and the experimental masses as input, given in Table III . For the constituent quark masses in our calculations of both the meson masses and of the strong decay widths, we use m b = 4.977 GeV, m s = 0.419 GeV and m q = 0.220 GeV. Finally, we use "relativistic phase space" as described in Ref. [42, 44] . We use the calculated bottom and bottom-strange meson masses listed in Tables I-II . For the light mesons we used the measured masses listed in Table III . Details regarding the notation and conventions used in the 3 P 0 model calculations are given in the appendix of [46] .
Typical values of the parameters β ef f and γ are found from fits to light meson decays [21, 42, 47] . The predicted widths are fairly insensitive to the precise values used for β ef f provided γ is appropriately rescaled. However γ can vary as much as 30% and still give reasonable overall fits of light meson decay widths [21, 47] . This can result in factor of two changes to predicted widths, both smaller or larger. In our calculations of D and D s meson strong decay widths from [48] and [49] , we used a value of γ = 0.4, which has also been found to give a good description of strong decays of charmonium [21, 43] . We adopt the same value of γ = 0.4 in our calculations of B and B s meson strong decays. The resulting partial widths are listed in Tables IV-XXXV. We include more complete sets of decays in a supplementary file that includes decays not included in the paper because we felt that their BR's were too small to likely be observed. To make our results as comprehensive as possible the supplementary file also includes tables of strong decays for the 5S, 4P , 3D, 2F and 2G states. )|i respectively; these matrix elements were obtained using the wavefunctions of the GI model [6] . For strong decays, the non-zero partial wave amplitudes are given in units of GeV −1/2 . We only show radiative transitions that are likely to be observed and likewise generally do not show strong decay modes which have BR < 0.1%, although they are included in calculating the total width. Details of the calculations are given in the text. )|i respectively; these matrix elements were obtained using the wavefunctions of the GI model [6] . For strong decays, the non-zero partial wave amplitudes are given in units of GeV −1/2 . We only show radiative transitions that are likely to be observed and likewise generally do not show strong decay modes which have BR < 0.1%, although they are included in calculating the total width. Details of the calculations are given in the text. The results of Tables IV-XXXV are presented in terms of Godfrey-Isgur model masses and wavefunctions. Rather than double the number of tables by giving the analogous ARM results, we have chosen to represent model sensitivity graphically. For example, Fig. 3 is a scatter plot of Godfrey-Isgur versus ARM masses. A close correspondence is evident, although ARM masses tend to be lower than GI masses higher in the spectrum due to the different string tensions employed in the models. The similarity of the mass predictions is also reflected in the high correlation of the predicted strong decay widths of the two models, shown in Fig. 4 . An alternate measure of the model sensitivity is to calculate the relative difference of the predicted strong decay widths which we take to be the difference between the GI predictions and the 'alternate model' divided by the GI prediction. For the predictions of the alternate model, data were generated under a variety of conditions; specifically (i) full ARM predictions, (ii) ARM wavefunctions, (iii) ARM wavefunctions and quark masses, (iv) ARM wavefunctions and meson masses. For the purposes of illustration a representative set of decays were used to construct the frequency histogram of the relative difference of predicted strong decay widths shown in Fig. 5 . One observes that the distribution is peaked at zero deviation, while the average deviation is 14%.
Radiative transitions can be very sensitive to model details. For example, the size of hindered M1 transitions depends crucially on assumed wavefunctions. Similarly, radiative transition rates for heavy-light mesons involve differences of light and heavy quark amplitudes, and these differences depend strongly on whether the light quark amplitude is considered in the nonrelativistic limit or not [11] . It is therefore perhaps not surprising that the GI and AR models deviate somewhat in their predicted E1 transition rates, as shown in Fig. 6 . Fig. 7 shows the related frequency histogram, calculated as described above, and indicates that the GI E1 predictions tend to be approximately 50% larger than those of the AR model. We find these results reasonably reassuring. It appears that constituent quark models that have been tuned to a wide range of hadrons provide similar predictions for hadronic properties. Perhaps the most interesting deviation seen here is the systematically lighter predictions of excited B and B s states by the AR model with respect to the GI model. This is almost certainly due to the differing string tensions employed in the two models. Certainly, the 'stiff' string tension of the GI model is preferred by lattice Wilson loop computations and bottomonium spectroscopy. However, the smaller string tension of the ARM fits lighter mesons better. It will be interesting to see which is preferred in the description of heavy-light mesons.
VI. CLASSIFICATION OF THE OBSERVED BOTTOM MESONS
The experimental knowledge of excited B mesons is rather limited. However recent measurements by the LHCb collaboration [4] have demonstrated the potential to extend our knowledge of these states considerably. In the following section we will discuss the excited B mesons we believe are most likely to be observed in the near future and how they might be observed. In this section we will summarize the existing situation, comment on spectroscopic assignments and suggest measurements that would improve our understanding of these states. A summary of the experimental status of the excited B mesons is presented in Table XXXVI .
Starting with the B mesons, four members of the 1P multiplet are expected to be seen around 5750 MeV, comprised of a doublet of two relatively narrow states and a doublet of two relatively broad states. The B 1 (5727) and B * 2 (5739) with widths of 30 MeV and 24 MeV respectively (we quote recent results from LHCb [4] which have smaller errors than listed in the PDG [45] ) have measured properties that are in qualitative agreement with our predictions. The GI model overestimates the B 1 and B * 2 masses by approximately 50 MeV. However the GI model also overestimates the B and B * masses by a similar amount so it is reasonable to assume that the GI model in general overestimates B masses by ∼50 MeV. In contrast, the ARM mass predictions agree with experiment within approximately 10 MeV. However, while the model predicts a doublet of two relatively narrow states, the predicted widths are quite a bit smaller than the measured widths; 7 MeV vs 30 MeV for the B 1 and 12 MeV vs 24 MeV for the B * 2 . In general we would not be surprised if our width predictions were off by a factor of 2 so would consider the B * 2 width prediction to be acceptable also taking into account experimental error. However the discrepancy of the B 1 width prediction is most likely due to the sensitivity of the prediction to the 3 P 1 − 1 P 1 mixing angle (θ 1P ). Even a small change in mixing angle would have a dramatic effect on the width prediction and in fact we could use this information to constrain θ 1P .
The B(5970) has been seen in the Bπ final state by the CDF collaboration with a mass of 5961 ± 13 MeV for the B(5970)
+ and 5977 ± 13 MeV for the B(5970) 0 with widths of 60 ± 50 MeV and 70 ± 42 MeV respectively [45] 1 ) is 108 MeV which, given both the large experimental errors and theoretical uncertainties, is consistent with the measured widths. So while the B(5970) might be identified with the B * (2 3 S 1 ), given the large discrepancy between the predicted and observed mass we wait for further measurements of this state before making a conclusion.
Recently LHCb [4] 0 measured width. However, as in the case of the B 1 (5727) we again surmise that the discrepancy is due to the sensitivity of the B s1 (1P ) width to the 3 P 1 − 1 P 1 mixing angle. The B s1 (1P ) is also close to the B * K threshold so is very sensitive to phase space. As shown in Table XXVII , there are no kinematically allowed strong decay modes for the B s (1P 1 ) and B s (1P 1 ) when using their predicted Godfrey-Isgur masses as input. However, using the measured mass for the B s1 (1P ) state as input to the 3 P 0 model calculations opens up the B s (1P 1 ) → B * K decay mode with a partial width of 0.331 MeV.
To summarize, the information on excited bottom mesons is limited. For both the bottom and bottomstrange mesons, two narrow states have been seen and their properties are consistent with those of the 1 3 P 2 and 1P 1 quark model states. Two more states have been observed, most recently by the LHCb collaboration [4] , but the experimental uncertainties are quite large so although these states may be the B(2 1 S 0 ) and B * (2 3 S 1 ) states more data is needed to confirm these identifications. However, the recent LHCb results show the promise that LHCb holds in opening up new frontiers in bottom meson spectroscopy. In the next section we examine the B meson landscape and suggest promising avenues for finding new excited bottom mesons.
VII. EXPERIMENTAL SIGNATURES AND SEARCH STRATEGIES
We expect that the excited B mesons most likely to be observed in the near future are those that are relatively narrow and that have a large branching ratio (BR) to a simple final state such as Bπ, B * π, BK, or B * K. There has been great recent progress in finding excited charm mesons in the analogous Dπ final states [49] . In this section we examine Tables IV-XXXV to identify states that meet these criteria.
Starting with the B and B s 1P multiplets the 1P 1 and 1 3 P 2 states have already been seen. Their predicted properties are in reasonable agreement with the measured properties within the theoretical uncertainties. The hallmark of these states is that they have relatively small total widths with large BR's to simple final states. We expect the total widths for the j q = 1/2 doublet to be considerably larger but still not so large that an observable signal in a simple final state should be seen. Specifically, we calculate the total width for the B(1 3 P 0 ) to be 154 MeV decaying almost 100% of the time to Bπ (with a small BR to B * γ), and Γ(B(1P 1 )) = 163 MeV decaying almost 100% of the time to B * π. Similarly we calculate Γ(B s (1 3 P 0 )) = 138 MeV decaying predominantly to BK, and the B s (1P 1 ) is below B * K threshold so is expected to be quite narrow with its dominant BRs to B s γ and B * s γ. The ratio of these two BR's would determine the 3 P 1 − 1 P 1 mixing angle. For these predicted total widths it should be possible to observe the missing B and B s 1P states in the near future. The challenge will be disentangling overlapping states but this should be possible with sufficient statistics.
Next highest in mass are the 2S states. The B(2 3 S 1 ) is predicted to have a mass of 5864 MeV, and Γ = 108 MeV with BR(Bπ) = 33% and BR(B * π) = 63%. The properties of the B(2 1 S 0 ) are M = 5834 MeV, Γ = 95 MeV with BR(B * π) 100%. In both cases we quote the ARM mass prediction. There is evidence that LHCb has seen these states but as discussed above more data is needed to confirm this. For the analogous bottom-strange states we find for the B s (2 3 S 1 ) M = 5948 MeV, Γ = 114 MeV with BR(BK) = 38.3% and BR(B * K) = 58.4%, and for the B s (2 1 S 0 ) M = 5925 MeV, Γ = 76 MeV with BR(B * K) 100%. These states are relatively narrow with large BR's to simple final states so it should be possible to observe them in the near future.
As we move to higher mass states the situation becomes more complicated. In general the mass multiplets are closer together with relatively small splittings within multiplets (O(10 MeV)), and many of the states become broader due to the increased phase space resulting in many overlapping resonances. To disentangle this will require higher statistics to measure the spins. LHCb has demonstrated their ability to accomplish this with spin measurements in the charm meson sector. However, not all states are broad due to angular momentum suppression in decays so it should still be possible to find some of these excited states. In what follows we will focus on the states most likely to be found first.
The 1D multiplets are next highest in mass. They consist of a narrow doublet and a broad doublet. D 1 ) has a width of 183 MeV with a BR to BK of 59% and to B * K of 29% while the broad B s (1D 2 ) has a width of 194 MeV with BR to B * K of 88%. We conclude that the narrow states will produce strong signals although sitting in broad backgrounds so that measuring their spins and parities will be helpful in identifying them.
Next in mass are the 2P multiplets. All members of the nonstrange bottom 2P multiplet are relatively broad with Γ ∼ 200 MeV which is significantly greater than the intra-multiplet mass splitting. The largest BR's are mainly to more complicated final states, for example BR(B(2 3 P 0 ) → B(1P 1 )π) = 50% and BR(B(2P 1 ) → B(1 3 P 2 )π) = 41%. The most promising possibility is to study the Bπ final state which only the B(2 3 P 0 ) and B(2 larger than the splitting, distinguishing the states will require an angular momentum analysis to identify the two states. The B(2P 1 ) and B(2P 1 ) both decay to B * π with BR's of 30% and 9% respectively. But again, because they are overlapping resonances more information would be needed to distinguish the two states, such as BR's to other final states such as Bρ and B * ρ, although this would be difficult because the B(2 3 P 0 ) and B(2 3 P 2 ) also decay to B * ρ with BR's of approximately 20% and 40% respectively. We conclude that only the B(2 3 P 0 ) and B(2 3 P 2 ) might be observed in the foreseeable future. In contrast, the 2P B s mesons divide into two relatively narrow states, B s (2 3 P 0 ) and B s (2P . These states overlap with the 3P multiplet and are close in mass to the 2F states so that it will be necessary to determine their spins to identify them. It would be interesting to find these states as they are high L states analogous to Rydberg states of atomic physics. Their masses would give insights into the confining potential and their splittings on the nature of the spin dependent potentials. They would test our understanding of QCD in a region that has not been explored. In contrast, the B s (1G) states are broader, ∼ 200 − 300 MeV, so are less likely to be easily found.
The important conclusion we wish to draw from these results is that there are numerous excited bottom mesons that are expected to be relatively narrow with significant BR's to simple final states. With sufficient statistics it should be possible to observe many of these states and improve our knowledge of bottom spectroscopy. The challenge is that there is significant overlapping of these states so it will be necessary to perform an angular distribution analysis to determine the spins of the underlying states to disentangle the observed final states.
VIII. SUMMARY
The primary purpose of this paper is to calculate the properties of excited B and B s mesons as a guide to help identify newly observed states. The masses were calculated using the relativized quark model of Godfrey and Isgur and an alternative relativistic quark model. Radiative transition widths were calculated using a nonrelativistic formalism and wavefunctions from the respective models. Strong decay widths were calculated with the 3 P 0 quark creation model coupled with harmonic oscillator wavefunctions that were tuned to reproduce the RMS radius of the relevant hadrons.
Our current experimental knowledge of bottom mesons is rather sparse, having only clearly identified the two narrow members of the B and B s 1P multiplets. Two other excited states have also been observed and identified with the B(2S) states but they have not been independently confirmed by a second experiment.
In the near future the LHCb experiment offers the possibility of significantly increasing our knowledge of excited bottom states. Numerous B and B s states with moderate widths and with significant branching fractions to simple final states (such as Bπ, B * π, BK, and B * K) are expected. However, the spectrum consists of many overlapping states, thus measuring the spins of putative signals will be vital for the success of any B spectroscopy program. With the high statistics expected in future LHC runs we are optimistic that this can be achieved and that our knowledge of the bottom meson spectrum will be significantly expanded.
